Imparting chirality to non-chiral metal surfaces by adsorption of chiral modifiers is a highly promising route to create effective heterogeneously catalyzed processes for the production of enantiopure pharmaceuticals. One of the major current challenges in heterogeneous chiral catalysis is the fundamental-level understanding of how such chirally-modified surfaces interact with chiral and prochiral molecules to induce their enantioselective transformations. Herein we report the first direct calorimetric measurement of the adsorption energy of chiral molecules onto well-defined chirallymodified surfaces. Two model modifiers 1-(1-naphthyl)ethylamine and 2-methylbutanoic acid were used to impart chirality to Pt(111) and their interaction with propylene oxide was investigated by means of single-crystal adsorption calorimetry. Differential adsorption energies and absolute surface uptakes were obtained for the R-and S-enantiomers of propylene oxide under clean ultrahigh vacuum conditions. Two types of adsorption behavior were observed for different chiral modifiers, pointing to different mechanisms of imparting chirality to metal surfaces. The results are analyzed and discussed in view of previously reported stereoselectivity of adsorption processes.
Introduction
Production and purification of enantiopure chemicals is a topic of vast practical importance arising from the fact that most biologically important molecules are chiral. Heterogeneous catalysts for enantioselective processes combine the chiral media to induce enantioselectivity into an underlying non-chiral substrate (e.g. metal) with the highly catalytically active metal nanoparticles and with this hold great potential to achieve tremendous synergetic effects. 1 There is a rapidly emerging research field, which focuses on designing chirally-modified catalytic surfaces that have been successfully tested under laboratory conditions and batch reactors. [2] [3] [4] Despite the impressive development in this field in the past years, the mechanistic details of the underlying microscopic processes are still under debate. 5 In particular, it is not clear how the chiral surface binds the reactant molecules in a specific prochiral configuration that yields only one preferential enantiomer as a product. On the way to obtaining microscopic insights into the enantioselective surface chemistry, in situ spectroscopic characterization of the catalytic reactions has significantly progressed in powdered materials. [6] [7] [8] Thus, Baiker and coworkers recently showed that hydrogen bonding between the pro-chiral reactant and chiral modifier molecules takes place. 9 Molecular chirality has also attracted much interest in surface science research, 10, 11 where adsorption of chiral molecules on welldefined single-crystal surfaces and their interaction with other adsorbates have been extensively studied using a variety of surface sensitive techniques. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] A recent review by Gellman, Tysoe and Zaera summarizes the latest report on chiral surface chemistry performed on model single crystalline surfaces. 28 As one of the major results of these studies, the authors put forward the idea that enantioselectivity arises from the energetic differences in the interaction of two opposite enantiomers with a chiral surface.
Chiral differentiation can be generally accomplished on three types of metal surfaces: (i) intrinsically chiral terminations of higher Miller index surfaces; (ii) surfaces templated by ordered structures of chiral modifiers (this type of chirality is frequently referred to as ''supramolecular chirality'') and (iii) the surfaces carrying individual chiral modifiers which form 1 : 1 complexes with pro-chiral reactant molecules. As shown by Gellman et al., natural chiral surfaces Cu (3, 1, 17) R&S can efficiently separate racemic mixture of aspartic acid. 21 In the case of asymmetric surfaces, on which chirality is imposed by supramolecular assemblies of chiral adsorbates, the stereoselective adsorption sites are produced by so called ''chiral pockets'' in the ordered chiral overlayers. The interaction of chiral molecules with the chiral pockets in such supramolecular chiral surfaces has been extensively investigated by Tysoe's group. [29] [30] [31] [32] [33] In particular, R-and S-propylene oxides (PO) were adsorbed on Pd(111) chirally modified with R-or S-2-butanol. At specific modifier coverage, significant enhancement (up to a factor of two) of the adsorbed amount of a homochiral enantiomer as compared to the enantiomer of the opposite chirality was detected in temperature-programmed desorption (TPD). 29, 30 A similar approach has been successfully applied by Zaera et al. to chirally modified Pt(111) surfaces. 25, 26, 34 Pt(111) modified with 2-methylbutanoic acid was titrated by PO enantiomers and was found to exhibit a 25% higher TPD yield for the homochiral adsorbate, i.e. S-PO desorbing from (S)-2-methylbutanoic acid modified Pt(111). The energetic difference as measured by TPD was estimated to be B2 kJ mol À1 . 25 Another successful example of a specific enantioselective interaction is Pt(111) modified with 1-(1-naphthyl)ethylamine (NEA), which was found to split the PO desorption trace into two peaks. 26 For the high temperature desorption trace, the TPD yield of PO in a homochiral adsorbate-modifier pair was found to be higher than for the adsorbate-modifier pair of the opposite chirality by a factor of four. The difference in the PO desorption peak positions was measured to be about 5 K, corresponding to the energy difference of 1-2 kJ mol À1 . Two desorption states of PO were interpreted to be indicative of the formation of 1 : 1 complexes between the modifier and the probe molecules.
Despite these advances in the understanding of the enantiospecific interaction on chirally-modified surfaces, there is still a lack of detailed quantitative information on the interaction strength within the reactant-modifier pair. In previous studies, only indirect desorption-based methods, such as TPD, were used in order to estimate the interaction energies. However, these methods have a number of serious drawbacks, mainly arising from the fact that they can be correctly applied only for fully reversible processes and that the estimate of the desorption energies relies on some critical assumptions on the details of the desorption process. Additionally, the adsorbates and/or modifieroverlayers can undergo restructuring, be destroyed or decompose due to the increasing temperature.
As a strategy to overcome these problems, we applied for the first time single-crystal adsorption calorimetry (SCAC) based on molecular beam techniques as a direct method allowing the measurement of adsorption energies of chiral molecules onto chirally-modified metal surfaces. This technique enables the direct and very precise measurements of the adsorption energy of gaseous molecules on well-defined surfaces under isothermal conditions 35, 36 and does not rely on any assumptions on the desorption process. By carrying out the adsorption measurements under low temperature conditions, we can probe the adsorption energetics of very sensitive adsorption systems, such as e.g. chirally-modified surfaces interacting with light hydrocarbons. Additionally, SCAC allows for measuring adsorption energies as a very detailed function of the surface coverage of the adsorbates. The sticking coefficient measurement, which is an integral part of a SCAC experiment, provides an experimental possibility of studying the evolution of the surface coverage, for example, to monitor how adsorbates populate specific surface areas depending on the temperature or the coverage of the chiral modifier.
We investigate two previously characterized model chiral modifiers 1-(1-naphthyl)ethylamine (NEA) and 2-methylbutanoic acid (MBA) supported on Pt(111). The structural formulae of these molecules are shown in Fig. 1 . As mentioned above, both chirally-modified surfaces were previously reported to exhibit appreciable enantioselectivity in the adsorption of PO enantiomers, both in terms of the adsorption energies and of the amount of the adsorbed PO. 25, 26 To verify these findings and to obtain accurate adsorption energies using a direct calorimetric measurement, we measured the PO adsorption energies as a detailed function of the PO coverage at a constant modifier coverage. Complementarily, we varied the surface coverages of the chiral modifiers to tune the properties of the chiral surface overlayers and determined the PO adsorption energies on these surfaces.
Two types of adsorption behavior were observed for different chiral modifiers, pointing to different mechanisms of imparting chirality to metal surface. The results will be analyzed and discussed in view of previously reported stereoselectivity of the same adsorption processes.
Experimental section
All experiments were carried out at the Fritz-Haber-Institut (Berlin, Germany) in an ultrahigh vacuum SCAC apparatus described in detail elsewhere. 37 An ultrathin Pt(111) single crystal was cleaned by Ar sputtering followed by oxidation and annealing. Deposition of a modifier onto a clean metal surface was performed through a differentially pumped gas-doser. The vapor of R-NEA (Z99% (R)-(+)-1-(1-naphthyl)ethylamine, Sigma-Aldrich) at the saturation pressure was directly introduced into the gas-doser while the NEA flask was kept in an ice-water bath. For dosing S-MBA (98% (S)-(+)-2-methylbutanoic acid, Sigma-Aldrich) a backing pressure of 0.100 mbar was used. The amounts of deposited surface modifiers were controlled by the exposure time. The sample preparation procedure closely resembled the previously described preparation by Zaera and coworkers for better comparison. 25, 26 NEA was deposited onto a metal surface kept at a temperature below 100 K. MBA was deposited at approximately 100 K followed by annealing at 230 K. The obtained modifier coverage values were calibrated as discussed in the next section.
A freshly prepared sample was transferred from the preparation chamber to the pre-cooled calorimeter. A molecular beam of either R-or S-enantiomers of propylene oxide (99% (R)-(+)-propylene oxide and 99% (S)-(À)-propylene oxide, Alfa Aesar, Sigma-Aldrich) was formed and cut into 266 ms pulses that were allowed to impinge on the sample surface. The energies were measured by a pyroelectric detector (6-mm thick b-PVDF ribbon from Piezotech), whose response was calibrated by a He-Ne laser of known intensity. For a detailed description of the calorimetric setup, see ref. 37 . Propylene oxide was degassed by freeze-pump-thaw cycles prior to experiments. Sticking probabilities were determined via the King-Wells method 38 with a mass spectrometer (Hiden Analytical, HAL 301/3F PIC) following the PO fragment at m/z = 58.
Further in the text we use the term adsorption energy, which we define as the following:
where Q cal is a measured heat release, T sample is the temperature of the calorimeter, T source is the temperature of the molecular beam source (around 300 K), C v is a constant-volume heat capacity of the probe gas. The integral accounts for gas cooling from the temperature in the molecular beam to the sample temperature. The calculation was performed by using the ideal gas C v of PO linearly approximated in the temperature range 100-300 K. 39 Results a. PO adsorption on R-NEA-modified Pt (111) NEA is a model chiral modifier, which has an aromatic moiety for binding to a metal surface and an amino group close to the chiral center capable of hydrogen-bonding. 40 To control the modifier coverage we first calibrated the gas-dosing system. For this, carbon monoxide was used as a probe molecule for free metal sites. CO was dosed onto the surface pre-covered by NEA and sticking coefficient measurements were performed via the King-Wells method 38 at room temperature. The measured sticking coefficients of carbon monoxide on Pt precovered with various amounts of NEA and the corresponding calibration curve are shown in Fig. 2 . On bare Pt(111), the initial sticking coefficient was measured to be B0.7 and then strongly decay with increasing CO surface coverage. This behavior corresponds well to previously reported values of CO sticking coefficients on Pt(111). 41 Saturation of a monolayer takes place at the CO coverage of B0.55 ML as referred to the absolute amount of Pt atoms 1.5 Â 10 15 cm À2 . When NEA is deposited onto the surface, the initial sticking coefficient becomes smaller and fewer CO molecules are required to saturate the monolayer, which implies that NEA molecules do block the CO adsorption sites. When the NEA deposition time exceeds 20 s, the CO sticking coefficient becomes vanishingly small, indicating that NEA adsorbates completely cover the Pt surface and prevent CO adsorption. Note that on the clean Pt(111) substrate the sticking coefficient levels off at app. 0.1 and does not decrease to 0. This effect is related to the measurement of the sticking coefficient by applying short molecular beam pulses in such adsorption systems, where the saturation coverage strongly depends on the pressure of the adsorbing molecule. For CO adsorption on Pt(111), it was established in previous studies that the CO saturation coverage during the molecular beam is slightly higher than under the UHV conditions. 42 Therefore, close to saturation the systems runs into a quasi steady state regime, in which adsorption during the pulse is compensated by desorption between the pulses and the final sticking coefficient remains non-zero. In contrast, on the NEA covered surfaces the final sticking coefficient was found to be zero, indicating that no additional CO can be added to this surface by applying higher CO pressures. The saturation coverage of CO is plotted as a function of the NEA deposition time in Fig. 2b . In the following, we define a relative coverage of NEA on Pt(111) Y NEA as equal to 0 on the pristine surface and equal to 1 when CO adsorption is fully hindered. Adsorption of S-and R-PO was studied on samples with three different R-NEA coverage values as well as on pristine Pt at 110 K. The sticking probability of PO was determined to be unity at the experimental temperature (110 K) on all investigated surfaces. Fig. 3 shows adsorption energy of both the R-and S-enantiomers of PO as a function of the number of adsorbed PO molecules.
On bare Pt(111) (Fig. 3a) , PO shows non-monotonic changes in the adsorption energy with increasing coverage. The PO adsorption energy starts at 50 AE 1 kJ mol À1 and decreases to the level of 42-43 kJ mol À1 at the coverage of B1.5 Â 10 14 molecules cm À2 , which corresponds to the adsorption of B0.1 PO molecule per one surface Pt atom. Above this coverage, the adsorption energy either goes through a small local maximum (S-PO) or rather remains constant (R-PO) up to the coverage of 4.1 Â 10 14 molecules cm À2 , followed by a rapid decrease corresponding to the completion of the monolayer at the value of about 5.5 Â 10 14 molecules cm À2 . This number agrees well with the previous IRAS and TPD data indicating that the PO monolayer on Pt(111) saturates after 1.6-2 L exposure corresponding to 4.2-5.3 Â 10 14 molecules cm À2 . 34 Starting from the coverage of B5.5 Â 10 14 molecules cm À2 , a constant adsorption energy of 34 AE 1 kJ mol À1 was observed, which is related to PO adsorption in the second and subsequent layers. Almost no differences in PO adsorption on pristine Pt(111) surfaces were observed for both stereoisomers.
For NEA-covered surfaces, the adsorption behavior of both PO enantiomers strongly changes exhibiting adsorption energy monotonically decreasing (with the decay greater than linear) to constant energy values varying between 28 and 30 kJ mol À1 . Note that even for the smallest NEA coverage the plateau-like character of the adsorption curves, as observed on pristine Pt(111), completely vanishes. One can also clearly see that for all modifier coverage, PO multilayer condensation in the second layer starts at approximately the same PO uptake of B6 Â 10 14 molecules cm À2 , which is also true for bare Pt. This observation indicates that the complete PO monolayer on the NEA-modified surfaces contains not only PO molecules adsorbed on the metal but also those adsorbed on-top of NEA modifier and their total amount remains similar for all modifier coverages. Note that the adsorption energy of PO in the second layer is not very sensitive to the presence of NEA on the underlying surface.
The initial adsorption energies corresponding to the first PO pulses and the final energy values are plotted in Fig. 4 as a function of the NEA coverage. For both stereoisomers, the initial adsorption energy decreases upon going from bare Pt(111) to 1 ML NEA/Pt(111). Note that the adsorption energy of PO on 1 ML NEA is still higher than that on PO ice. This observation suggests a stronger interaction between PO and NEA than PO and PO ice. Within experimental error no difference between adsorption energies of different stereoisomers of PO on R-NEA was observed. The final energy on the surfaces partially covered with the modifier was found to be somewhat lower than those on bare and fully covered surfaces. These differences might be related either to our experimental accuracy or to the fact the PO adsorbed in the second and a few next layers might be still sensitive to the particular structure of the underlying substrate. The second model system investigated in this study is Pt(111) modified by S-MBA. This chiral modifier was previously shown to produce the carboxylate species upon thermal treatment. 25, 31 In contrast to NEA, the chiral center of MBA does not possess the ability to form hydrogen bonds. Instead, it is hypothesized that the adsorbed MBA molecules form supramolecular structures with a long-range order. 25 This overlayer can be considered as a proxy for a templating-type of chirality induction. It was well-established in previous IRAS studies 25 that MBA partly dehydrogenates on Pt(111) at 230 K to form 2-methylbutanoate species and further decomposes and partly desorbs above this temperature. These surface processes prevent the precise calibration of the deposited MBA amounts by measuring the CO sticking coefficient as described above for the case of NEA. In the following, we will report the amount of deposited MBA in terms of the deposition time and give some consideration to the absolute MBA coverage achieved in our deposition procedure. The bare Pt(111) was exposed to MBA at gradually increased exposure times and heated to 230 K to produce 2-methylbutanoate species. Adsorption of S-and R-PO was measured at 120 K, the corresponding adsorption energies are plotted in Fig. 5 as a function of the number of adsorbed PO molecules for different amounts of the surface modifier. Up to the deposition time of about 2.5 minutes, the energy curves were found to be very similar in shape to the ones obtained in the case of PO adsorption experiments on pristine Pt(111), exhibiting a plateau or a small maximum followed by a sharp decrease of the adsorption energy to B32 kJ mol À1 . This behavior is dramatically different for the deposition times above 2.5 minutes: the adsorption energy decreases continuously with increasing PO coverage and the finally reached energy level lies well below 32 kJ mol À1 . These observations can be rationalized if one assumes that the saturation of one monolayer of MBA occurs at the deposition time close to appr. 2.5 minutes. In the scope of this assumption, the similar form of the adsorption curves below the modifier exposure of 2.5 minutes corresponds to the situation where PO adsorbs on the free metal surface between the modifier molecules and exhibits the same adsorption behavior as on the pristine Pt surface. The change of the PO adsorption behavior above 2.5 minutes MBA exposure can be most likely attributed to the onset of formation of a second and further MBA layers so that almost no free metal surface is exposed and PO adsorbs on top of that layer very weakly.
Following this argument, we assume that a monolayer of MBA is reached after about 2.5 minutes exposure and use a term of relative modifier coverage with Y MBA = 0 on pristine metal and Y MBA = 1 after 2.5 minutes exposure. Fig. 6 shows adsorption energies of both PO enantiomers as a function of PO coverage for four different modifier amounts. The adsorption energy on bare Pt was found to be almost the same as that displayed in Fig. 3a .
For all investigated MBA coverage, the initial adsorption energy of both S-and R-PO lies between 45 and 47 kJ mol À1 and decays to 30-32 kJ mol À1 in the multilayer regime. The PO adsorption behavior on MBA-covered Pt(111) drastically differs from that one on the NEA modified Pt surface. For all MBA modifier coverage, the adsorption energy is not strictly monotonically decaying (see Fig. 3b-d) but follows the pattern observed on the bare Pt(111) surface, i.e. it exhibits a clear plateau-like region followed by a fast decay to a constant level of 31 AE 1 kJ mol À1 . As discussed above, we attribute the earlier stages of PO adsorption to adsorption on the metal, while the drop to the constant final value is related to PO adsorption in the second and the following layers. It is interesting to note that the presence of the MBA surface modifier almost does not change the shape of the measured curves and only the transition to the multilayer adsorption occurs at lower PO exposures in the presence of higher MBA amounts. This behavior suggests a very weak interaction between the PO molecules and the chiral surface modifier, which is unable to noticeably change the energetic situation on the Pt surface if present in submonolayer amounts. Most likely, PO adsorbs on the free metal patches available between the MBA molecules without showing any strong intermolecular interaction with the chiral surface modifier. This situation is in very sharp contrast to the case of NEA that was found to change the PO adsorption behavior even if present in the smallest surface concentrations. For comparison, we refer the reader to Fig. 3b , showing a strong change of the adsorption curve from a plateau-like on the bare Pt(111) to a strictly monotonically decaying when the smallest amount of NEA was deposited.
The initial and final adsorption energies were found to be approximately the same for all investigated surfaces. Only subtle differences in energy between the two enantiomers were observed for the intermediate PO coverage on 0.8 ML S-MBA/ Pt(111) that might be indicative of a specific stereoselective interaction. Also the amounts of the adsorbed PO before the onset of the multilayer regime appear to be nearly identical for the two different enantiomers. In order to make a strict quantitative comparison of the amounts of PO adsorbed in one monolayer on different chirally modified surfaces, we treated the experimental data as following: the intermediate regions of the adsorption curves were best fitted by the Boltzmann function, and as a measure of the transition from sub-monolayer to multilayer PO adsorption the inflection points were taken. The results of this evaluation are presented in Fig. 7 showing the S-and R-PO uptake onto the metal surface (the PO coverage at the inflection point) as a function of the deposited MBA amount. One can see the PO uptake onto the metal decreases almost linearly with the increasing MBA coverage. When the modifier coverage is close to a monolayer, PO uptake is still almost half of that on bare platinum. This observation suggests that a monolayer of MBA forms an extended supramolecular structure, which leaves enough free metal space to accommodate large quantities of PO. Most likely, this metal pockets are too small for the modifier molecules themselves but large enough for the small probe molecules such as PO.
Discussion
Based on the results obtained for both investigated chiral surface modifiers -NEA and MBA -it can be concluded that they show very different surface-modifying effects. Already the smallest sub-monolayer amounts of NEA very strongly change the adsorption behavior of both S-and R-PO on Pt(111) from a plateau-type adsorption discussed above to a strictly monotonic decrease of PO binding energy with increasing PO coverage. In contrast, on the surfaces modified with MBA, PO exhibits the same plateau-type of adsorption behavior as on the clean Pt(111) surface. The increasing amount of MBA results solely in a decreasing adsorption capacity of the surface toward PO adsorption, i.e. in smaller absolute amounts of PO accumulated in a monolayer, but does not affect the shape of the adsorption curve.
Strong changes of the adsorption energy by NEA suggest a significant influence of the modifier molecules onto the incoming PO either directly, e.g. through dipole coupling or ensemble effects, or indirectly, e.g. through changing the electronic properties of the Pt surface. It is important to note that the PO binding energy on the pristine Pt(111) (B50 AE 1 kJ mol À1 ) at the lowest PO coverage is comparable to that on the NEAmodified Pt(111) with the smallest investigated NEA coverage of 0.5 ML (50 AE 1.5 kJ mol À1 , see Fig. 4 ). However, despite these vanishingly small differences in the binding energies, the presence of NEA decisively affects the adsorption behavior of PO. These observations can be rationalized as follows. When PO adsorbs on the pristine Pt(111) surface, its binding energy reaches quite quickly the constant level (see the plateau shown in Fig. 3a) , which occurs most likely due to the formation of PO islands. After some PO nuclei consisting of a few PO molecules are formed on the surface, the following incoming PO molecules would diffuse to the boundary of these nuclei, where they will adsorb with a constant binding energy. In this case, the energy would be constant because all incoming molecules experience a very similar environment, consisting of a saturated PO island on one side and the clean Pt surface on the other side. Only after the PO surface coverage increases to such an extent that neighboring PO islands will start to coalesce, the binding energy of the lastly incoming PO molecules will decrease and approach the value characteristic for PO adsorption in the second layer. When NEA is present on the surface, this plateau-like behavior vanishes even for the smallest NEA coverage, at which formally 50% of the surface exposes metal atoms. This observation suggests that PO island formation does not occur on this NEA-modified surface. Most likely, there is a preferred adsorption of PO in the vicinity of NEA, which prevents PO island formation on the still available metal patches. This type of adsorption behavior suggests a preferred interaction between a PO molecule and the adsorbed NEA modifier, which might be indicative of the formation of 1 : 1 complex between these molecules. This type of enantiospecific interaction for this modifier/probe molecule pair was also put forward in the recent work of Zaera. 26 However, based on our experimental data, we cannot rule out other possible scenarios. Further microscopic investigations on the structure of these adsorbates are required in order to confirm the formation of the modifier/probe molecule complex.
In contrast to the strong modification of the PO adsorption properties induced by NEA chiral modifiers, MBA almost does not affect the adsorption behavior of PO, neither in terms of energy nor in terms of the plateau-like character of the adsorption curve. Indeed, even at relatively high MBA coverage, the plateau-like character of PO adsorption is preserved, suggesting that PO preferentially adsorbs on the free metal patches still available on the MBA-modified surface. This observation suggests a relatively weak affinity of PO to MBA surface species.
Interestingly enough, even at relatively high MBA coverages PO adsorption is not affected by the presence of MBA. This effect can be rationalized based on the assumption that adsorbed MBA forms compact patches on Pt(111) and leaves relatively large areas of Pt surface atoms free, at which PO adsorbs in the same way as on the free Pt(111) surface. These observations point to a rather low strength of interaction between the PO and MBA and inability of MBA to strongly modify the adsorption behavior of PO. In Fig. 8 shows a model capturing the main points of this discussion.
In the present study, both adsorption systems investigated by SCAC showed no enantioselective effects within our experimental accuracy either in terms of the adsorption energy or in terms of the absolute PO uptake. On the contrary, the same systems were previously reported to exhibit pronounced enantioselectivity in desorption studies: larger uptakes in homochiral probe-modifier pairs were reported with the enantiomeric ratios amounting to 2.3 and 1.24 for NEA and MBA, respectively. 25, 26 The apparent discrepancy between our results and the reported data originates most likely from the differences in the applied experimental methods and correspondingly in the underlying physicochemical processes. In a SCAC experiment, a direct adsorption process was investigated by measuring the adsorption energies. In addition, the absolute amounts of the adsorbed PO molecules were determined via sticking coefficient measurements. Both processes were addressed under isothermal and non-reactive adsorption conditions. The adsorption temperatures applied in this study (110-120 K) were too low to induce any further chemical transformation of PO on the chirally modified surface, so that only the adsorption process was probed. In contrast, in the above discussed experimental studies reporting enantiospecific effects the opposite process was probed -desorption of PO at elevated temperatures from chirally modified surfaces -by employing temperature programmed desorption. A number of accompanying surface processes can occur upon heating that might impart enantioselectivity to a surface process. For example, upon heating the surface modifier and/or the probe molecules and/or the modifier -probe molecule pair can decompose or undergo other structural transformations. These processes can in principle depend on the particular geometric orientation of the adsorbates with respect to the chiral modifier. Alternatively, the adsorbate and/or modifier overlayers can undergo thermal restructuring giving the adsorbates a possibility to find an energetically more favorable site for desorption (i.e. exhibiting lower activation barrier for desorption) prior to the onset of desorption. Indeed, as pointed out by Zaera and coworkers, 25, 26 the TPD yield of PO, firstly, does not change much in the whole range of MBA surface coverage and, secondly, shows a pronounced deviation from the monotonic decay depending on NEA coverage. Both effects seem to be inconsistent with a simple co-adsorption mechanism and might be indicative of the rearrangement of the modifier species in a desorption process.
In the very general case, the desorption process might be a very complex surface reaction consisting of a number of elementary steps, e.g. competing desorption, decomposition and diffusion to a different surface site, from where it may desorb with a lower desorption barrier. In principle, each of these elementary and competing steps might induce enantioselectivity into the overall desorption process. Therefore caution is required when referring the differences observed in a desorption experiment to the adsorption process. Both of the chiral modifiers investigated in this study show no greater adsorption capacity in homochiral modifier-adsorbate pairs as compared to heterochiral pairs as directly determined via sticking coefficient measurements. These observations are in sharp contrast to previous studies based on temperature programmed desorption reporting large variation in the amount of desorbing adsorbates for the particular chirality of the modifier and PO. Further atomistic level investigations on the observed differences between the adsorption and the desorption processes might shed some light on this problem.
Conclusions
Adsorption of S-and R-PO enantiomers onto pristine and chirally modified Pt(111) surfaces was investigated under isothermal conditions in a combined study including the direct calorimetric measurement of adsorption energies by single crystal adsorption calorimetry (SCAC) as well as measurements of sticking coefficients for determining the absolute amounts of adsorbed molecules. As chiral modifiers, NEA and MBA were employed. These chiral modifiers were chosen as potential proxies for two different mechanisms of imparting chirality to achiral metal surfaces: a templating mechanism (MBA) based on the formation of chiral overlayers and a docking mechanism (NEA) based on the formation of 1 : 1 complexes between the chiral modifier and the adsorbate molecules. Detailed quantitative information on adsorption energies as a function of PO coverage and the content of chiral modifiers was obtained for the first time using a direct calorimetric method for the measurement of adsorption energies on well-defined surfaces. On a pristine Pt(111) surface, S-and R-PO were found to adsorb with an initial adsorption energy of 50 AE 1 kJ mol À1 and to exhibit a very specific adsorption behavior characterized by the presence of a plateau/small peak at a PO coverage lying in the range between 4 and 5 Â 10 14 molecules cm À2 . This specific plateau-like behavior might be explained by PO island formation. In the presence of 0.5 ML of NEA, the initial PO adsorption energy of both enantiomers does not change but the dependence of the adsorption energy on the PO coverage changes dramatically. NEA adsorbates result in the complete elimination of a plateau region in the adsorption curve and induce a strictly monotonic decrease of the PO binding energy with growing PO coverage. This observation suggests a high affinity of incoming PO molecules to adsorbed NEA, probably due to a strong attractive intermolecular interaction, which might be consistent with the formation of a 1 : 1 docking complex. In contrast to NEA, the interaction of S-and R-PO with the MBA-modified surfaces was found to be very similar to PO adsorption on the clean metal. Particularly, the specific plateau-like dependency of the adsorption energy on the PO coverage was observed to be preserved even at relatively high MBA coverage. PO appears to have a very low affinity for the co-adsorbed MBA and to prefer adsorption on the still available free metal sites/patches of free metal. With this, the MBA surface species seem to be rather incapable of strong intermolecular bonding with PO, at least at low PO coverages, and appear to only sterically affect adsorption on metal sites.
No significant difference was found in the adsorption of two different enantiomers of PO on both chirally-modified surfaces, either in terms of the adsorption energy or in terms of the absolute amount of PO being able to adsorb on the chiral surface of the same vs. the opposite chirality. With this, our findings turned out to be in sharp contrast to several literature studies reporting different adsorption energies and different adsorption capacities of chiral surfaces for adsorbates of different chirality. We attribute the observed discrepancy to the differences in the methodologies applied in the present and in the earlier studies: while direct methods of measurement of adsorption energies (SCAC) and the amounts of adsorbed PO (sticking coefficient measurement) were applied in this study, earlier studies were based on the investigation of the desorption processes from chirally-modified surfaces induced by heating. We discuss the possible reasons for this discrepancy.
